In the vibrissal area of rodent somatosensory cortex, information on whisker stimulation is processed by neuronal networks in a corresponding cortical column. To understand how sensory stimuli are represented in a column, it is essential to identify cell types constituting these networks. Layer 6 (L6) comprises 25% of all neurons in a column. In rats, 430 of these are inhibitory interneurons (INs). Little is known about the axon projection of L6 INs with reference to columnar and laminar organization. We quantified axonal projections of L6 INs (n = 68) with reference to columns and layers in somatosensory cortex of rats. We found distinct projection types differentially targeting layers of a cortical column. The majority of L6 INs did not show a column-specific innervation, densely projecting to neighboring columns as well as the home column. However, a small fraction targeted granular and supragranular layers, where axon projections were confined to the home column. We also quantified putative innervation of pyramidal cells as a functional correlate of axonal distribution. Electrophysiological properties were not correlated to axon projection. The quantitative data on axonal projections and electrophysiological properties of L6 INs can guide future studies investigating cortical processing of sensory information at the single cell level.
Introduction
Layer 6 (L6) comprises the largest fraction of neurons in somatosensory cortex (S1) of rats and in the whisker-related cortical barrel columns (Meyer et al. 2010b) . L6 is characterized by a large heterogeneity of cell types (van Brederode and Snyder 1992; Kumar and Ohana 2008; Chen et al. 2009; Marx and Feldmeyer 2013) . Anatomical and electrophysiological studies have shown that L6 is both a thalamorecipient as well as a cortical output layer (Bourassa et al. 1995; Staiger et al. 1996; Lam and Sherman 2010; Meyer et al. 2010a; Viaene et al. 2011) . To obtain a deeper understanding of this network, it is essential to identify the cellular components constituting its subcircuits. Several studies have characterized various types of excitatory L6 neurons and their connections, such as corticothalamic and corticocortical neurons Deschenes 1997, 1998; Mercer et al. 2005; West et al. 2006; Lee and Sherman 2009; Ledergerber and Larkum 2010; Marx and Feldmeyer 2013) . However, about 10% of L6 neurons are GABAergic INs (Meyer et al. 2011 ) that potentially receive direct thalamocortical (Beierlein and Connors 2002) as well as local input from corticothalamic neurons (West et al. 2006) . So far, L6 INs have mostly been characterized based on qualitative morphological criteria (Ferrer et al. 1986; Kumar and Ohana 2008) , molecular marker expression (Rudy et al. 2011) or a combination of morphological, molecular and electrophysiological parameters (Perrenoud et al. 2013) . Axonal morphologies were either not analyzed or described qualitatively only. Moreover, it has been shown that electrophysiological and molecular cortical IN properties do not necessarily correlate with axonal projection (Gupta et al. 2000; Helmstaedter et al. 2008c) , requiring studies directly analyzing axon projections of L6 INs. Based on a qualitative approach, L6 INs have been reported to project axon either to infragranular layers or to L4 (Kumar and Ohana 2008) . Here, we quantified L6 IN axon projections and analyzed them with reference to cortical columns and layers, complementing the knowledge on L6 INs gained from previous studies. Unsupervised cluster analysis of an unbiased sample revealed 2 major axon projection types: L6 projecting INs and translaminarly projecting INs. Subgroups of the translaminarly projecting INs target L5b, L2/3, and L4 in addition to L6. While L6 IN axon projection is layer-and cell type-specific, column borders appear to be irrelevant at the single IN axon level, different from supragranular INs. However, we found a remarkable exception of a small group of L6 INs that targets the granular and supragranular layers, where axon projection is confined to the home column. We found that the electrophysiological properties of L6 INs are not correlated to axon projection.
Materials and Methods

Experimental Procedures
Experimental procedures were approved by the Institutional Animal Care and Use Committee of the Max Planck Florida Institute for Neuroscience. Wistar rats (aged 21-24 days) of both sexes were deeply anesthetized with isoflurane and decapitated. Brains were quickly removed and put in ice-cold extracellular saline containing (in mM): 125 NaCl, 25 NaHCO 3 , 25 glucose, 2.5 KCl, 1.25 NaH 2 PO 4 , 1 CaCl 2 , and 2 MgCl 2 . Saline was continuously bubbled with gas containing 95% O 2 and 5% CO 2 . 300 μm-thick thalamocortical slices (Agmon and Connors 1991) of the vibrissal area of somatosensory cortex were cut at a modified angle of 50°to the interhemispheric sulcus with a vibratome (Slicer HR-2; Sigmann Elektronik). Slices were incubated in 37°C saline for 45 min and afterwards kept at room temperature. During recording, extracellular saline was warmed to 34°C and contained 1 mM MgCl 2 and 2 mM CaCl 2 . Slices were visualized with a CCD camera (Axio Cam HRm, Zeiss) that was mounted to an upright microscope (Axio Examiner D1, Zeiss) and pictures were acquired with Axiovision software (Version 4.8.2, Zeiss). Overview pictures of the barrels, pia and white matter were taken for subsequent analysis using a ×2.5 objective and bright field illumination. During the recordings, pictures were acquired using a water immersion ×40 objective and contrast was enhanced by infrared illumination and Dodt gradient contrast technique (Dodt and Zieglgaensberger 1998) . Column outlines were extrapolated from barrels and cells were searched for in L6 within columns. Somatic whole-cell recordings were made with borosilicate glass patch pipettes (5-6 MΩ) pulled with a Flaming/Brown micropipette puller (Model P-1000, Sutter Instruments, Novato, USA). Pipettes were filled with intracellular solution containing (in mM): 135 K-gluconate, 10 Hepes, 10 Na-phosphocreatine, 4 KCl, 4 Mg-ATP, and 0.3 GTP. Biocytin was added at 3-4 mg/mL. Signals were amplified and filtered with an Axopatch 200B (Molecular Devices, Sunnyvale, USA). Data were acquired and digitized with a BNC 2090A device, a PCIe-6259M series card (National Instruments), and NeuroMatic software (www.neuromatic. thinkrandom.com) written in Igor (Wavemetrics). Cells were recorded from and filled with biocytin for 30 min. For each cell, an overview picture of the pipette positioned above the soma was taken. Slices were fixed in 4% paraformaldehyde (PFA) over night and stored in 0.1 M phosphate buffer (PB) until further processing.
Paired Recordings
We aimed at recording from inhibitory INs (see Results). For paired whole-cell recordings, potential postsynaptic neurons were chosen randomly within the vicinity of the putative inhibitory neuron. To detect a synaptic connection between the 2 neurons, the putative IN was excited to elicit 5 action potentials (APs) at a frequency of 10 Hz. Twenty sweeps (650 ms each; 20 s intersweep interval to avoid any potential influence based on short term synaptic dynamics) were recorded at various postsynaptic holding potentials (−50 mV, −60 mV, resting potential, −80 mV). We also tested for PC-IN connections. If no connection was found, the potential postsynaptic cell was destroyed to avoid background biocytin labeling.
Histochemical Procedures
For DAB staining, endogeneous peroxidases were quenched with 3% H 2 O 2 for 20 min. After permeabilization with 2% Triton X-100 (Sigma Aldrich) for 1 h, slices were incubated with avidin-conjugated peroxidase (Vectastain Elite ABC Kit, Vector Laboratories) and enzyme reaction was initiated with DAB (2,4-diaminobutyric acid, 0.5 mg/mL). Development of cell staining was observed under a microscope and after approximately 30 min, slices were taken out of DAB and mounted using Mowiol (Kuraray Specialities Europe). Extensive washing was done between every step.
For immunofluorescence experiments, biocytin concentration was 12 mg/mL. Slices were fixed in 4% PFA in 0.1 M PB for 4 h. After permeabilization and blocking for 2 h (4% normal goat serum and 0,5% Triton X-100 in 0.1 M PB), slices were incubated in primary antibodies (1:800 mouse anti glutamate decarboxylase 67 (GAD67; Millipore), 1:1000 mouse anti parvalbumin (Sigma) at 4°C for 48 h with the same side facing upwards as during patching. After washing, slices were incubated in 0.1 M PB containing streptavidin-conjugated Alexa647 (Invitrogen; 5 mg/mL) and a secondary antibody for GAD67 (1:500 goat anti mouse IgG 2α A488, Invitrogen) for 2 h. Images were acquired with a confocal microscope (Leica Microsystems) and the GAD67 expression status of the biocytin-filled cell was determined. Subsequently, slices were incubated in the secondary antibody labeling parvalbumin expressing neurons (1:500 goat anti mouse IgG1 A555, Invitrogen) and slices were imaged again. Finally, slices were DAB-stained as explained above.
Morphological Reconstructions
All cells that showed aspiny or sparsely spiny dendrites (cf., selection of cells in Results) were reconstructed manually with Neurolucida (MBF Bioscience) using a Q-imaging Camera (Qimaging) mounted to an Olympus BX51 microscope (Olympus) and a ×100 objective. Only one cell was stained per slice. The soma was traced in its largest 2D diameter. When axodendritic tracings were completed, the pial surface and cortex/white matter border were traced. Final reconstructions were rotated so that the pial surface above the recorded cell was aligned horizontally. Pia-soma and pia-white matter distances were measured and later used for analysis.
Spine Densities
To determine the spine density per neuron, all spines along 3 entire dendrites per cell were counted. All sparsely spiny neurons (cf., selection of cells in Results section) were included in the analysis of spine density. In addition, the spine density of one spine-dense neuron was measured using the same approach.
Electrophysiological Parameters
Several basic electrophysiological parameters that have been typically used in the literature were quantified in order to characterize the cells. Active firing properties were calculated from the trace with an initial inter-AP-interval closest to 10 ms (100 Hz), as was done in previous studies (Beierlein et al. 2003; Helmstaedter et al. 2008c ). This trace was titrated by stepwise application of increasing rectangular 500 ms current pulses (Fig. 6A) . AP frequencies were fitted to a monoexponential function, and the ratio of the last fitted point to the first fitted point minus one was interpreted as AP frequency adaptation ratio (Fig. 6B) . The minimum between 2 spikes was plotted as after hyperpolarization (AHP), and the ratio of the last and the first point of a monoexponential fit to that plot was defined as AHP adaptation (Fig. 6C ). AP half width was defined as the width of the AP at half maximal amplitude, half maximal amplitude being the voltage halfway between the spike peak and median voltage, averaged for all spikes of the 100 Hz trace (Fig. 6D) . The AP threshold was calculated as the average of the median membrane potential during the current pulse of the last trace without and the first trace with an AP. Finally, somatic input resistance was defined as the slope of a current/voltage curve based on 20 decreasing rectangular current pulses (starting near the previously defined AP threshold and typically reaching baseline or slightly hyperpolarized membrane potential with the last pulse).
Morphological Analysis
Morphological analysis was done as described before (Helmstaedter et al. 2008a (Helmstaedter et al. , 2008b (Helmstaedter et al. , 2008c . First, grids that outline the relative layer and column borders and the soma position were obtained from overview pictures taken before and after the experiment (Fig. 1C ) using custom-written software (Matlab, TheMathWorks). All pictures were rotated until the pial surface above the recorded cell was horizontal. Column borders were extrapolated from barrels in L4. The soma location was obtained from the pipette position. All layer borders were clearly visible except for the L5/L6-and the L6/white matter (WM)-border. The location of the L6/WM-border in each slice was obtained from the fixated, DAB-stained slices and the location of the L5/6 border was calculated based on its known relative depth (Meyer et al. 2010b) .
Second, the morphological neuron reconstructions were also rotated until the pial surface was horizontal. Using custom-written software (Matlab), 2D axonal length density maps were calculated and registered to the corresponding column/layer-grids based on the soma location and the pial surface. This permitted quantification of axonal path lengths in specific regions defined by column and layer borders.
For a measure of axon projection laterality (see below), the 2D axon length density maps were convolved with a Gaussian function and interpolated 10-fold in both directions. From these filtered maps, isodensity contours that enclose 90% of the axon were calculated.
Cluster Analysis and Statistics
In order to define IN groups based on axonal projection patterns, we analyzed our data as was done in a study on L2/3 INs (Helmstaedter et al. 2008b) , that is, a cluster analysis was done using Ward's method (Ward 1963) . Briefly, this linkage method combines cells into clusters based on the minimal increase of variance within the cluster at each linkage step. Variance was calculated from Euclidean distances. At each linkage step, a new cluster is formed, until all cells are linked. As was done in the study mentioned above, Thorndike's method (Thorndike 1953 ) and a modified cutoff were used to determine the number of clusters (Supplementary Material).
The cluster analysis was based on 6 parameters obtained for each cell: The relative axonal length in every layer within the home column including half of the septa (L2/3 ratio, L4 ratio, L5a ratio, L5b ratio, L6 ratio) and the axon laterality (Fig. 1D ). Laterality was defined according to the study on L2/3 INs mentioned before (Helmstaedter et al. 2008b ) by combining 2 measures: (1) The ratio of the total axonal path length outside of the home column and (2) the total horizontal axonal extent of the 90% contour of the axon (see above) in units of the width of the home column. For the cluster analysis, all parameters were normalized according to minimum and maximum.
Verticality was defined as the ratio of the axon length outside of L6 to the total axon length within the home column. Including verticality in addition to the layer-specific ratios did not change the result of the cluster analysis.
We also did k-means clustering using the same parameters (calculated in Matlab R2016a using the function k-means, see Supplementary Material).
Two statistical tests were done to investigate electrophysiological differences between the 5 morphological groups: (1) multivariate one-way analysis of variance (ANOVA) with 5 variables (AP threshold, AP half width, AP adaptation ratio, AHP adaptation ratio, and somatic input resistance) and one categorical variable (morphological group) and (2) nonparametric ANOVA (Kruskal-Wallis test). Both were calculated in Matlab R2016a.
Vertical Axon Distribution Profiles
For standardization, all morphological reconstructions were scaled to a pia-WM distance of 2 mm. Using custom-made software (Matlab), 1D axon density profiles were calculated at a resolution of 50 μm, representing the vertical axon distribution, as described before (Meyer et al. 2010a) . For averaging of profiles of neurons of a given group, individual profiles were aligned to the average soma depth from the pial surface.
2D Axon Distribution Maps
For illustration of average 2D axon projections, the individual axon reconstructions and their column borders were registered to an average column of 2000 μm height and 327 μm width. Densities were sampled at 50 × 50 voxel size, convolved with a 2D Gaussian kernel (standard deviation 50 μm) and then interpolated 10-fold. Average isodensity contours that contained 90% of the total axonal length density were calculated.
Putative Innervation of Pyramidal Neurons
We estimated the input a given PC type receives from the different IN groups defined in our study, similar to previous analyses estimating thalamic input to cortical PCs (Meyer et al. 2010a) . Briefly, the average 1D IN axon profiles were normalized according to their frequency of occurrence within L6 and the total number of INs in L6 of a representative cortical column (i.e., 427 cells (Meyer et al. 2011) ). The profiles were further corrected by subtracting possible synaptic contacts onto other inhibitory cells and converted to synaptic bouton density profiles, assuming an average bouton density of 1 bouton/3 μm axon (0.33 ± 0.03 boutons/μm, based on counting 1690 boutons on randomly picked axon segments totaling 5180 μm). Finally, the resulting profiles were multiplied by average dendritic profiles of L6 PCs, L5 thick-tufted PCs, L5 slender-tufted PCs, L4 star pyramidal neurons, L4 spiny stellate cells and L3 PCs that were normalized by the total dendritic length in a cortical column (Meyer et al. 2010a ). The resulting profiles yield the distributed putative innervation an average PC receives from each IN cell type.
Results
Selection of Cell
Neurons were selected if their soma was located in L6 of a barrel column and if they did not show one clearly visible apical dendrite (Fig. 1A, top panel) . Three hundred cells were recorded from and filled with biocytin under these criteria. After DAB staining, 39 neurons were found to be insufficiently stained at the soma/dendrite level and excluded from further analysis. Eight INs had a total axonal length below 4 mm. These were disregarded as well to exclude morphologies potentially hampered by slicing or more subtle staining artifacts, as was done in previous studies (Helmstaedter et al. 2008a (Helmstaedter et al. , 2008b (Helmstaedter et al. , 2008c . We classified neurons as inhibitory or excitatory based on their spine density (see Supplementary Material). 185 neurons had spine-dense dendrites and were considered excitatory. Counting spines on a cell representative of these neurons yielded a spine density of 3.1 spines per 10 μm dendrite. The 68 remaining cells had either virtually no spines (n = 53, "aspiny INs") or much less spine-dense dendrites (n = 15, 0.45 ± 0.35 spines per 10 μm dendrite, "sparsely spiny INs") and were regarded as putative inhibitory INs. GAD has been used as a marker of inhibitory GABAergic INs (Meyer et al. 2011) . To confirm the inhibitory nature of the neurons in our sample independently from spine density, a subset of all cells recorded from was immunolabeled for GAD prior to DAB staining (12 neurons). GAD immunoreactivity was independently judged by 2 investigators. Seven neurons were unanimously judged as GAD-positive and thus classified as inhibitory, the other 5 neurons were unanimously judged as GAD-negative and thus classified as excitatory (Fig. 1A,B) . Afterwards, spine density-based classification as inhibitory versus excitatory was made by another investigator blinded to the immunohistochemistry data analysis.
Comparison of GAD expression-based classification with spine density-based classification yielded a 100% match. We conclude that we gathered a low-bias sample of 68 L6 INs that are highly likely to express GAD as a marker of inhibitory neurons. The goal of this study was to quantitatively characterize L6 inhibitory INs based on their axonal projection with reference to cortical column and layer borders. For each cell, the column and layer boundaries (Fig. 1C) as well as the axon morphology were reconstructed, and 6 parameters quantifying the axonal distribution (L6 ratio, L5b ratio, L5a ratio, L4 ratio, L 2/3 ratio, laterality) were calculated (Fig. 1D) .
Layer-specific Axon Projection of L6 INs
On average, the total axon length of L6 INs was 21 ± 10 mm. An unsupervised cluster analysis revealed 2 distinct L6 IN axon projection types (Fig. 2A, black vs. red) . The majority of cells (n = 42) sent most of their axon to L6 (Fig. 2B, black) . The cluster contained 2 subgroups (Fig. 2A, purple and (n = 19) exclusively targeted L6, showing much less translaminar than local axonal projection (Fig. 2C-F, purple) . The second group (n = 23) also densely projected to the home layer, but in addition, these INs had relatively more vertical projection to L5 and were therefore denominated L6/5 inhibitors (Fig. 2C-F,  green) .
The remaining L6 INs (n = 26) extended less axon to L6 (Fig. 2B, red) . Their axon projection patterns were more heterogeneous, with the common feature being relatively more targeting of superficial layers. Three subgroups were identified ( Fig. 2A, yellow , light blue, and dark blue). L5b inhibitors (n = 4) had the most prominent L5b projection of the sample (Fig. 2D,E , light blue), while L5/6 inhibitors (n = 17) densely targeted L5 and also L6 (Fig. 2D,E, yellow) . Compared to L6/5 inhibitors, these INs showed relatively more axon projection to L5 and less to L6 (Fig. 2D,E) . Another group (n = 5) showed the remarkable and distinctive feature of relatively high granular and supragranular layer axon projection (Fig. 2F, dark blue) . Four of these cells had a substantial vertical axon projection to L2/3, only one cell targeted L4 as well.
In summary, our analysis revealed locally projecting L6 INs (L6 inhibitors and L6/5 inhibitors) and groups of L6 INs that projected vertically with relatively less axon in L6 (L5/6 inhibitors, L5b inhibitors and L2/3/4 inhibitors). L6/5, L5/6, and L6 inhibitors had longer axons than L5b and L2/3/4 inhibitors ( Table 1) .
Examples of morphological reconstructions of each group are shown in Figure 2G . 1D profiles illustrating the average axon distribution of the different L6 IN groups along the vertical column axis are shown in Figure 3 .
There were sparsely spiny INs in all axon projection groups (1 sparsely spiny IN was a L6 inhibitor, 1 was a L5 inhibitor, 2 were L2/3/4 inhibitors, 3 were L6/5 inhibitors, and 8 were L5/6 inbitors).
Axon Projection With Regard to Column Borders
While the axonal projection of L6 INs is layer-specific, we found that most cells in our sample did not respect the column borders, densely targeting the surrounding columns. This is illustrated by average 2D axon projection maps that show axon projection to neighboring columns for the different IN groups projecting to L6 and L5 (Fig. 4) . Every IN group contained cells with diverse laterality measures (Fig. 2C) . A remarkable exception is the L2/3/4 inhibitor group, with all cells showing relatively low laterality (Fig. 2C, dark blue) . This is due to their axon projections to L2/3/4 that are confined to the home column and the neighboring septum. Their infragranular axon projections, however, reach neighboring columns (Fig. 4) .
Putative Innervation of PCs by L6 INs
We quantified the distribution of putative pyramidal neuron innervation by the different L6 IN groups along the vertical dendrites (= column) axis (Fig. 5) . This further illustrated the differences between the groups. L5 slender-tufted PCs potentially receive inhibitory L6 input at their basal dendrites from L6/5 inhibitors, L5/6 inhibitors, and L2/3/4 inhibitors, but not by L6 inhibitors and L5b inhibitors. L5 thick-tufted PCs potentially receive input from all L6 INs at their basal and apical oblique dendrites, mostly from L6/5 inhibitors and L5/6 inhibitors. L6 PCs are inhibited by L6 inhibitors, L6/5 inhibitors and L5/6 inhibitors at their basal and apical dendrites, and to a lesser degree at their basal dendrites by L5b and L2/3/4 inhibitors (Fig. 5) . Table 2 shows total numbers of contacts an average PC potentially receives from each IN group.
To get an estimate of the intralaminar connection probabilities between L6 INs and PCs, we made somatic dual whole-cell recordings for a subset of all L6 INs. This revealed a relatively low connectivity (see Supplementary Material).
Electrophysiological Properties of L6 INs
Whole-cell recordings were made during biocytin filling to determine active and passive electrical properties of all INs in our sample. Five parameters were calculated (Fig. 6A-D , Table 3 ): AP threshold (−49.93 ± 8.15 mV (mean ± SD), range: −30 mV to −72 mV), somatic input resistance (153.88 ± 52.39 MΩ, 64 to 296 MΩ), AP frequency adaptation ratio (−0.43 ± 0.31, −0.988 to 0.711), AP half width (0.83 ± 0.44 ms, 0.31 to 2.48 ms) and AHP adaptation (4.55 ± 3.68, −0.55 to +0.059). Qualitatively, firing patterns could be characterized according to the classification suggested by Ascoli and colleagues (Ascoli et al. 2008) . Most INs displayed "fast-spiking" (n = 29), "adapting" (n = 22) or "nonadapting"/"nonfast-spiking" (n = 11) firing patterns. Some of the adapting INs showed initial bursts. Six INs had a "fast-spiking stuttering" pattern, showing high frequency AP trains with unpredictable periods of silence in between.
We investigated whether the 5 different axon projection groups were also distinguishable based on their electrophysiological properties. L6 INs displayed heterogeneous electrical properties (Fig. 6E-G) . No significant differences were found between the 5 groups (multivariate ANOVA, P > 0.35; nonparametric ANOVA, P > 0.12). No specific firing pattern (e.g., fastspiking, i.e., short AP and little AP frequency adaptation; Fig. 6G ) or passive membrane property (e.g., input resistance; Fig. 6E,F) was predictive of one particular axon projection type. This suggests that there is no correlation between the axonal projection pattern and the electrical properties of L6 INs.
A small subset of our sample was analyzed for parvalbumin (PV) expression. PV-negative neurons were identified as either L6 inhibitors or L5/6 inhibitors, and PV-positive neurons were identified as L6 inhibitors (see Supplementary Material). This indicates that there is no obvious correlation between PV expression and axon projection in L6 INs. PV expression did correlate with electrophysiological properties, however: PVpositive INs had short APs and low firing frequency adaptation ("fast-spiking"), whereas PV-negative INs had longer APs and Table 1 Average axon length and number of synaptic boutons L2/3/4 inhibitors (n = 5) L5b inhibitors (n = 4) L5/6 inhibitors (n = 17) L6/5 inhibitors (n = 23) L6 inhibitors (n = 19) Axon length (mm) 18.5 ± 4.2 12.3 ± 5.2 21.7 ± 11.8 24.0 ± 8.9 19.9 ± 10.5 Number of boutons 6164 ± 1411 4109 ± 1738 7236 ± 3917 8011 ± 2967 6616 ± 3499
Average axon length and number of synaptic boutons for the different morphological L6 IN groups. L6/5, L5/6, and L6 inhibitors had longer axons than L5 and L2/3/4
inhibitors. The average axon length in the entire sample was 21 ± 10 mm.
more firing frequency adaptation. However, due to the small sample size, more data are required to draw final conclusions on this matter.
Discussion
The Role of L6 Inhibition Within Somatosensory Circuitry L6 INs receive input from different sources. Fast-spiking INs in L6 receive direct thalamocortical input (Agmon and Connors 1992; Beierlein and Connors 2002) , for example, and corticothalamic L6 PCs have been shown to innervate surrounding L6 INs with an even higher connection probability than other PCs (West et al. 2006) . L6 INs could thus be activated during both cortical input and output. Our data provide the anatomical basis for inhibitory activity originating in L6. We show that L6 INs have the potential to differentially innervate the various cortical layers and several PC types based on our quantification of axon projection and axodendritic overlap. (Figs 3-5 , Table 2 ). Most L6 INs have their targets in L6 and L5. While L6 inhibitors provide local inhibition only, L6/5 inhibitors and L5/6 inhibitors provide dual inhibition to L6 and L5, potentially inhibiting both L6 PCs as well as L5 slendertufted and thick-tufted PCs. Of note, these L6 IN projection groups target both the home and neighboring columns. In addition, we found 2 distinct groups of L6 INs that send most of their axon out of L6: L5b inhibitors precisely target L5b. The postsynaptic neurons actually contacted by these axons could not be identified in this study, but there is most overlap with dendrites of thick-tufted PCs. L2/3/4 inhibitors send their axon up to the granular and supragranular layers in addition to L5. Strikingly, this projection appears to be confined to the home column and the neighboring septum. Vertically projecting INs, also referred to as Martinotti cells if they innervate L1, have been described in L6 before (Ferrer et al. 1986; Prieto and Winer 1999; Wang et al. 2004) . Their overall fraction has been estimated as 16.5% (Wang et al. 2004) . In our unbiased sample of 68 L6 INs, we found 5 L2/3/4 inhibitors (7.4%). There is a trend in our data showing increased axon verticality in upper L6 INs (see soma depth in Fig. 3) , as suggested before. It was proposed that infragranular Martinotti cells can specifically inhibit L4 neurons (Wang et al. 2004; Kumar and Ohana 2008) . Our quantitative analysis showed that each excitatory neuron in L4 potentially receives 5 synapses from L2/3/4 inhibitors, as do L3 PCs (Table 2) . This confirms that based on anatomical constraints, inhibition of the granular and supragranular layers by L6 INs is evident, but rather sparse. However, as slicing artifacts cannot be excluded completely, our study may underestimate the frequency of vertically projecting INs and projections to L1 in general. In visual cortex, vertically and locally projecting L6 INs have been identified as well (Borton et al. 2014) . Being recruited by L6 corticothalamic pyramidal neurons, the vertically projecting INs have been hypothesized to be involved in suppressing visually evoked activity in superficial layers. The axon distribution of some of these translaminar INs appears to be similar to the L2/3/4 inhibitors in our study, and future studies could investigate whether different pyramidal neuron types specifically target the different L6 IN axon projection types identified in somatosensory cortex as well. Similar to our findings, electrophysiological parameters did not differ for L6 INs with different axon projections in visual cortex (Borton et al. 2014) .
In contrast to INs in L2/3 (Helmstaedter et al. 2008b ) and L4 (Koelbl et al. 2013) , most L6 INs did not show a column-specific innervation, densely projecting to neighboring columns in addition to the home column. Transcolumnar projecting INs have been described in L2/3 as well, and were linked to the surround inhibition in the upper layers of the barrel cortex (Kleinfeld and Delaney 1996; Derdikman et al. 2003; Helmstaedter et al. 2008b) . Our data suggest that surround inhibition may play a significant role in infragranular layer processing of somatosensory stimuli, as was shown for auditory cortex, where up to 60% of excitatory cells in L6 are silenced after tonal stimulation by preceding inhibition (Zhou et al. 2010) . A remarkable exception in L6 is the small group of vertically projecting L2/3/4 inhibitors that had the lowest laterality in our sample. These L6 INs confine their granular and supragranular projections to the home column. This suggests that columnar circuitry is more vertically organized in the supragranular and granular than in the infragranular layers.
Strikingly, based on our anatomical data, L5 thick-tufted PCs potentially receive substantial inhibitory input from all L6 INs at their basal and apical oblique dendrites (Fig. 5, Table 2 ). This underlines the unique central role of this cell type in somatosensory circuitry, likely integrating both excitatory and inhibitory input from various cortical and subcortical sources at its different dendritic compartments (cf., Meyer et al. 2010a ). In contrast, L5 slender-tufted PCs potentially receive significant input from L6/5 inhibitors, L5/6 inhibitors and L2/3/4 inhibitors only.
Our results are in agreement with a study employing optogenetics that showed that inhibitory connections from L6 in somatosensory cortex mainly target excitatory cells in L6 and L5b, while connections to neurons in L5a, L4 and L2/3 are very sparse (Katzel et al. 2011) . 
Potential versus Actual Synaptic Connectivity
Importantly, our data represent potential connectivity, that is, an anatomical reference frame for synaptic connectivity (for a detailed discussion, see (Meyer et al. 2010a) ). We provide quantitative bounds on the amount of inhibitory innervation of cortical layers and neurons by L6 INs. The measurement of actual synaptic connections was beyond the scope of this study. To obtain a more detailed understanding of structure function relationships in L6 inhibitory circuits, our data have to be complemented with measurements of functional connectivity (i.e., in vivo 
L6 IN Axon Morphology is Independent of Electrical and Molecular properties
We found no correlation between axonal projection and electrophysiological properties of L6 INs (Fig. 6, Table 3 ), consistent with studies on INs in L2, L3 and L4 (Gupta et al. 2000; Wang et al. 2004; Helmstaedter et al. 2008c ); cf., however, a study on INs in frontal cortex (Kawaguchi 1995) . This is in agreement with a study qualitatively identifying morphological L6 IN types that found no correlation between morphology and passive membrane properties, like somatic input resistance or AP threshold (Kumar and Ohana 2008) . However, the 2 morphological groups identified in that study significantly differed in some of the firing properties (AP half width, rheobase current, maximum average firing frequency). Moreover, our data indicate that there is no simple correlation between PV expression status and the axon projection of INs (see Supplementary Material). As the underlying experiments were done for a small sample only, this finding should not be regarded as definitive; however, it is consistent with several other studies (Rudy et al. 2011; Helm et al. 2013) .
We argue that a quantitative measure of axon projection as the fundamental basis for understanding the role a neuron type plays within a defined circuit should be included in any Table 3 Electrical properties AP threshold (mV) Input resistance (MΩ) AP half width (ms) AP frequency adaptation ratio AHP adaptation (mV) L2/3/4 inhibitors (n = 5) −51.7 ± 7.4 184.7 ± 39.6 1.2 ± 0.5 −0.5 ± 0.2 7.6 ± 2.3 L5b inhibitors (n = 4) −47 ± 12.5 161.9 ± 67 0.8 ± 0.4 −0.4 ± 0.1 5.0 ± 4.3 L5/6 inhibitors (n = 17) −51.8 ± 6.8 (n = 16) 145 ± 38.8 1 ± 0.6 −0.5 ± 0.3 (n = 15) 4.5 ± 4.6 (n = 15) L6/5 inhibitors (n = 23) −49.4 ± 7.5 133.4 ± 35.3 0.8 ± 0.2 −0.4 ± 0.3 4.7 ± 3.0 L6 inhibitors (n = 19) −49.2 ± 9.6 176.8 ± 69.4 0.7 ± 0.4 −0.4 ± 0.3 3.5 ± 3.6 All (n = 68) −49.9 ± 8.2 153.9 ± 52.4 0.8 ± 0.4 −0.4 ± 0.3 4.6 ± 3.7
Electrophysiological parameters were calculated for each cell and averaged for every morphological group. Values are shown as mean ± SD. reasonable neuron classification and cannot be replaced by electrical or molecular properties, as supported by recent comprehensive classification efforts (DeFelipe et al. 2013 ).
The Neuronal Composition of L6
Our data provide insight into the cellular composition of L6 beyond axon projection of INs. It is known that L6 contains, besides regular PCs, a large number of cells with atypical dendritic morphologies (Ferrer et al. 1986 ). There are irregular PCs (inverted, horizontal, tangential) and nonpyramidal neurons. The latter include GABAergic inhibitory INs and spiny glutamatergic cells. One feature of mature inhibitory INs is low spine density (Prieto and Winer 1999; Wang et al. 2002; Chen et al. 2009 ). We used this criterion, confirmed by GAD expression (Fig. 1) , to distinguish INs from excitatory neurons. In our lowbias sample of nonpyramidal neurons, 71% (185 out of 261) of the cells turned out excitatory, which is within the range of data (62%) reported elsewhere (Andjelic et al. 2009 ). Thus, given that approximately 10% of L6 neurons are INs (Meyer et al. 2010b ), 30% of L6 neurons are nonpyramidal excitatory neurons or irregular PCs, and 60% of L6 neurons are regular PCs. Of note, we cannot exclude that particularly rare IN types are missing in our sample. We did not find any chandelier cells, for example, which have been described in L6 (Inda et al. 2007 ). We can also not exclude that some L6 INs project beyond barrel cortex due to the limitations of axon arbors retrieved from slicing experiments.
Conclusion
We provide a new classification of L6 INs based on the quantification of axon projections with reference to cortical columns, layers, and postsynaptic cell types. We find that different types of L6 INs have specific targets, potentially playing different roles in shaping excitation flow within and beyond cortical columns. This data are essential to mechanistic models of cortical circuits aimed at understanding representation and processing of sensory information at the single cell level.
